ABSTRACT CLARKE, R. T. J. (University of California, Davis), AND R. E. HUNGATE. Culture of the rumen holotrich ciliate Dasytricha ruminantium Schuberg. Appl. Microbiol. 14:340-345. 1966.-The successful cultivation of the anaerobic ciliate Dasytricha ruminantium is described. The cultures were established in a salts medium containing 30% clarified rumen fluid. Sucrose and extract of rumen holotrich protozoa were fed once daily for 2 to 4 hr, and Dasytricha was then transferred to medium free from these nutrients. Rumen fluid was essential. Omission of protozoal extract resulted in gradual death of the ciliates. Bovine serum satisfactorily substituted for the protozoal extract, but various rumen bacteria, extract of rumen bacteria, and extracts of plant materials could not. There was a positive correlation between formation of methane in the cultures and growth of the ciliates. It is possible that methane bacteria were ingested, but it is not excluded that survival of both dasytrichs and the methanogenic bacteria depended on a low redox potential of the medium.
Evidence increasingly suggests that the rumen ciliate protozoa play an important role in the nutrition of the host (1) . The protozoa are of two sorts, entodiniomorphs and holotrichs. The role of the entodiniomorphs has been clarified by observing the foods used by the individual species in the mixed rumen population, by studying the enzymes in protozoa obtained from the rumen (11, 12) , and by examining the conditions necessary for artificial cultivation. These protozoa have been grown in vitro for extended periods (2, 5, 9, 15, 16, 19) in the presence of accompanying bacteria which are ingested (6) .
Studies of the food and enzymes of the holotrichs show that these organisms rapidly metabolize certain sugars (13, 14, 20) and synthesize a large fraction of the sugar into starch. Starch storage on occasion can be so extensive that the holotrichs burst.
The rumen holotrichs have not been grown for an extended period outside the host. The most successful culture was probably that of Sugden and Oxford (27) who maintained a flask culture for 30 days without transfer. Division forms were observed, but the total numbers decreased during the latter stages of the culture. Gutierrez (8) Since the holotrich ciliates may be involved in the etiology of bloat in cattle (3, 4) and, because of their large numbers, must often play a role in nutrition, a further attempt at their cultivation has seemed desirable. The present study was initiated to develop methods for in vitro cultures and to obtain information on factors influencing growth of these protozoa.
MATERIALS AND METHODS
Source of rumen ciliates. The protozoa used as initial inoculum were from a rumen-fistulated cow which was stall-fed on alfalfa hay. They were concentrated and separated from other rumen mtterials by the method of Oxford (21) . After being washed ttree times by decanting off added salts solution containing cysteine-HCl, the protozoa were inoculated into culture tubes. Both holotrichs and entodiniomorphs were present.
Culture medium. The basal medium contained: salt solution, 70 ml; clarified rumen fluid, 30 ml; NaHCO3, 0.5 g; cysteine-HCl, 0.02 g; resazurin (0.1%, w/v), 0.1 ml; and extract of rumen holotrich protozoa, 3.0 ml; the medium was equilibrated with oxygen-free carbon dioxide. The salt solution contained (w/v); 0.15% K2HPO4, 0.60% NaCI, 0.001% MgSO4.7H20, and 0.001% CaCl2. The (17) . The tubes of medium were stored at room temperature.
On occasions, the medium was not autoclaved but was gassed with carbon dioxide for 2 hr to remove 02, sterilized by filtration through a membrane filter (Metricel GA-6, pore size 0.45 1A; Gelman Instrument Co., Ann Arbor, Mich.), and dispensed aseptically in sterile culture tubes.
The buffer solution used for washing and suspending the ciliates, and for dialysis, was the culture medium without rumen fluid, protozoal extract, or resazurin.
Clarified rumen fluid. Rumen fluid was obtained from the same cow which provided the ciliate suspensions. Contents were removed from the rumen through the fistula and strained through gauze. The fluid was then centrifuged at 20,000 X g, and the clear supernatant liquid was stored at -14 C.
Dialyzed rumen fluid was prepared by dialyzing clarified rumen fluid against several changes of buffer at 4 C.
Extract of rumen holotrich protozoa. A thick suspension of rumen ciliates, both holotrich and entodiniomorph, was prepared from several liters of rumen fluid by the method of Oxford (21) , and was freed from plant debris and associated bacteria by decanting off added mineral salt solution. The suspension was frozen three successive times by immersing the tube in a mixture of Dry Ice and ethyl alcohol and thawing rapidly, and was then ground in a Tri-R Teflon tissue homogenizer. Holotrich debris and entodiniomorph ectoplasts in the ground suspension were sedimented by centrifugation at 20,000 X g for 30 min in a refrigerated centrifuge. The viscous, opalescent supernatant liquid, diluted two to three times with buffer, served as the protozoal extract.
Dialyzed protozoal extract was prepared by dialyzing the extract against several changes of buffer at 4 C.
Technique of culture. The ciliates were grown in narrow-mouth roll culture tubes 16 by 150 mm (Bellco Glass Inc., Vineland, N.J.), with a small bulge blown on the side about 13 mm from the bottom. Each tube contained 10 ml of medium and was closed with a rubber stopper. Each tube was initially inoculated with about 500 ciliates of which approximately 80% were holotrichs.
The cultures were incubated in an upright position at 38 C in a water bath from which light was excluded. Each day the ciliates were fed by injecting 0.8 ml of an anaerobic buffer solution containing 5 mg of sucrose and 0.3 ml of protozoal extract. After 2 to 4 hr, the tube was placed for 15 min at an angle of about 250, with the bulge on the lower side. The ciliates settled into the bulge; plant and cell debris remained in the base of the tube. The tube was then transferred without mixing to a similar position in a small Perspex water bath (38 C) on the stage of a dissecting microscope. The stopper was removed, and the debris-free ciliates were transferred with a micro-pipette from the bulge to a tube of fresh basal medium which was then returned to the water bath and incubated in a vertical position. Less than 1 ml of medium was transferred with the protozoa.
All operations of medium preparation and transfer of protozoa were carried out in a stream of CO2 freed of 02 by passage over hot Cu metal which was reduced by H2. Counting method. In cultures containing more than 300 cells, 1 ml of culture was removed and mixed with 1 ml of 10% (v/v) formalin. A 0.5-ml sample of an appropriate dilution of the formalin-treated suspension was placed in a flat-bottom circular glass vessel (diameter, 26 mm; volume, 6 ml) with the bottom ruled in 2-mm squares, and the protozoa in alternate squares were counted by use of a dissecting microscope.
Cultures with up to 300 ciliates were counted in the culture tube by use of a dissecting microscope after the water bath had been cooled to 30 C to lessen the movement of the organisms.
Preparation of test nutrients. Lyophilized fresh alfalfa and extracts of grass or alfalfa hay were tested as replacements for rumen fluid and protozoal extract.
Grass and alfalfa extracts were prepared by macerating 40 g of fresh orchard grass (Dactylis glomerata) or fresh alfalfa in a Waring Blendor with 300 ml of buffer at 4 C, filtering through glass wool, and centrifuging at 20,000 X g for 30 min. The pale-green solution obtained was gassed thoroughly with CO2 and frozen overnight. When thawed, some material precipitated and was removed by centrifugation.
Hay extract was prepared by extracting 50 g of chopped alfalfa hay with 1 liter of buffer at 80 C for 30 min. The mixture was then cooled to room temperature, filtered, clarified by centrifugation, and stored at -14 C.
Lyophilized alfalfa was green chop alfalfa, lyophilized and ground to pass through a 200-mesh sieve. A 2-mg amount was added to each culture.
Survival of the ciliates was the index of nutritive value. In some experiments, cultures were started with ciliates freshly removed from the rumen; in others, ciliates which had been grown in culture as long as 21 days were used.
Preparation of test bacteria. Bacteroides succinogens S85, Ruminococcus albus, and Selenomonas ruminantium were grown at 39 C in the culture medium with 10% (v/v) clarified rumen fluid and glucose or cellobiose (0.1% w/v) but without protozoal extract. A 2-ml amount of cells and culture fluid from a 24-hr culture was added to each protozoal culture.
Washed mixed rumen bacteria were prepared by centrifuging fresh rumen fluid at 20,000 X g. The bacteria which were deposited under the plant debris and protozoa were separated and repeatedly washed by resuspension and centrifugation.
The extract of rumen bacteria was prepared by disrupting a thick suspension of washed rumen bacteria in a Hughes press. The resulting mixture was freed from particulate matter by centrifugation.
Defined nutrients. 15 ; and thymine, 4. A 1-ml amount of this solution was added to a culture.
The amino acid mixture was that used by Quinn et al. (24) .
A 1-ml amount of the following solution of volatile fatty acids or their sodium salts (grams per 100 ml) was added to 100 ml of medium: Na acetate, 21.4; Na propionate, 7.7; Na butyrate, 6.1; iso-butyric acid, 0.3; n-valeric acid, 1.1; iso-valeric acid, 0.1; and amethyl-n-butyric acid, 0.1.
Nitrogen analysis. Analyses of total nitrogen were carried out on the rumen fluid used in the media and on the protozoal extract by the method of Johnson (18) . Ammonia in the rumen liquor was also determined.
Analyses of urea and ammonia were made on cultures of holotrichs to determine the nature of the nitrogenous end products. In these experiments, washed mixed holotrichs, both dasytrichs and isotrichs freshly removed from the rumen, were incubated in flasks containing 20 ml of the complete medium. Each experiment was carried out with two flasks which were placed in ice at the beginning of the experiment and two flasks containing potassium penicillin G and chloramphenicol (each 50 Lg/ml) to control bacterial activity, which were incubated at 39 C for 2 hr. Each flask contained about 2 million organisms.
Ammonia was determined by the method of Conway (7). Urea was measured by the Conway (7) method after treatment with urease.
Gas analysis. Gases in the culture tubes were analyzed by use of Perkin-Elmer Vapor Fractometer model 154B, with a silica gel column and thermal conductivity detector. for each transfer. The numbers were counted, with the results shown in Fig. 1 . The average rate of increase in this culture was consistent with a division rate of slightly more than once per 48 hr, disregarding lost cells.
RESULTS

Dasytricha
The numbers of protozoa during routine transfer after 40 days of culture are shown in Fig. 2 . The removal of ciliates for counting caused a 10% drop in the population each day. The growth rate in this culture was much less than that shown in Fig. 1 than slight turbidity in the cultures, presumably because sucrose and protozoal extract were available only for 2 to 4 hr each day.
Attempts to prepare rumen ciliates free from associated external bacteria were made by allowing the ciliates to settle in a glass column filled with sterile reduced medium. The column was 125 cm long and had an inside diameter of 7 mm, and was divided into five compartments by glass stopcocks. These divisions prevented mixing of the liquid throughout the tube and allowed retention of the ciliates at will in each compartment. The lower two sections contained potassium penicillin G (75 ,ug/ml), chloramphenicol (50 ,ug/ml), and occasionally p-fluorophenylalanine (0.005 M). After passage down the column, the ciliates were transferred aseptically to tubes of sterile medium. In subsequent manipulations, care was taken to prevent entry of bacteria. vived and grew as before washing. Analysis of the gas above the liquid in a number of successful cultures disclosed that they always contained methane. Unsuccessful cultures did not. Growth and division correlated positively with methane production. In cultures with washed protozoa, methane production was negligible. If the culture was inoculated with pure cultures of several nonmethanogenic bacteria, methane production returned to normal and the ciliates then flourished. Evidently, the methane bacteria were not removed by washing but were not detected by the rumen fluid-glucose-agar used to test the efficiency of bacterial removal. All attempts to establish clone cultures of Dasytricha were unsuccessful. The smallest number of ciliates which led to a successful culture was 16 .
The results of urea and ammonia analyses on cultures containing both dasytrichs and isotrichs are given in Table 2 . The results suggest that urea is a normal waste product. The ammonia in the VOL. 14, 1966 Rumen liquor is rich in vitamins and growth factors, and it is hard to see why protozoal extract or serum was required. There was a positive response to a mixture of vitamin B12 and menadione. One or both of these compounds may not be available to the ciliates in the rumen or may be destroyed during preparation of the rumen fluid. The concentration of vitamin B12 used here was far in excess of that normally used in microbiological studies and of that in the rumen. In the cultures where menadione and B12 replaced protozoal extract, the ciliates elongated but did not divide. This resulted in a population of cells two to four times the normal length.
Bacterial ingestion has been demonstrated in Isotricha (8) and Dasytricha (10), but bacteria have not been shown to be necessary for growth. Bacteria were present in all the present cultures and may have been consumed, but addition of pure cultures or a washed suspension of mixed rumen bacteria did not stimulate growth in the presence or absence of protozoal extract.
Death of cultures after washing could have occurred because bacteria required as food were no longer present. However, failure of added rumen bacteria to promote longevity of the cultures weakens the interpretation that required food bacteria had been eliminated. Some bacteria, including methanogenic cells, remained and could have served as food for at least a few protozoa, provided these particular species were suitable as food.
The bacteria could have played a role in conditioning the medium. Rumen contents have a redox potential at least as low as -350 mv. Cultures of rumen methane bacteria do not grow at potentials above -350 mv (26) , and since methanogenesis ceased in washed cultures it is possible that the potential was too high. The optimal pH for Dasytricha and the methane bacteria might be of the same order, and the failure to grow after removal of the bacterial contaminants may have been solely the result of a relatively high potential.
The rumen fluid and protozoal extract added daily to each culture contained about 0.5 mg of soluble nitrogen in compounds other than ammonia. On the assumption that half of these compounds were amino acids, the protozoal extract could have supplied the necessary noncarbohydrate nutrients for the relatively low ciliate population.
Neither Isotricha nor Dasytricha appear to use or excrete ammonia. The ammonia in experiment 1 of Table 2 probably arose from urea via a bacterial urease. Urea is probably the main nitrogenous excretion product of both genera, though
